The inner medullary collecting duct (IMCD) effects net sodium reabsorption under the control of volume regulatory hormones, including atrial natriuretic peptides (ANP). These studies examined the mechanisms of sodium transport and its regulation by ANP in fresh suspensions of IMCD cells. Sodium uptake was inhibited by amiloride but insensitive to furosemide, bumetanide, and hydrochlorthiazide. These results are consistent with uptake mediated by a sodium channel or Na+/H+ exchange. To determine the role of sodium channels, cells were hyperpolarized by preincubation in high potassium medium followed by dilution into potassium-free medium. Membrane potential measurements using the cyanine dye, Di(S)-C3-5 verified a striking hyperpolarization of IMCD cells using this protocol. Hyperpolarization increased the apparent initial rate of sodium uptake fourfold. Amiloride and ANP inhibited potential-stimulated sodium uptake 73% and 65%, respectively; the two agents together were not additive. Addition of 5 mM sodium to hyperpolarized cells resulted in a significant amiloride-sensitive depolarization. Half-maximal inhibition of potential-driven sodium uptake occurred at 3 X i0-7 M amiloride, and 5 X 10" M ANP. We conclude that sodium enters IMCD cells via a conductive, amiloride-sensitive sodium channel, which is regulated by ANP. ANP inhibition of luminal sodium entry in the IMCD appears to contribute to the marked natriuretic effect of this hormone in vivo.
Introduction
Under normal conditions, the inner medullary collecting duct (IMCD)' reabsorbs -2% of the glomerular filtrate (1) . Although little is known about the mechanisms of sodium reabsorption in this segment, micropuncture, microcatheterization, and in vitro microperfusion studies have shown that sodium reabsorption is active, and stimulated in vivo by aldosterone (1) (2) (3) (4) . By analogy with sodium handling in more proximal segments, a luminal sodium entry mechanism might be coupled to a basolateral Na/K-ATPase. Because of observations that amiloride, thiazide, and furosemide can inhibit sodium reabsorption by this segment in vivo, the mechanism of luminal sodium entry remains unclear (2, (4) (5) (6) .
Aside from its ability to actively reabsorb sodium, the IMCD is of interest because this segment appears to be an epithelial site at which atrial natriuretic peptide (ANP) and other hormones regulate sodium excretion. In the case of ANP, studies in vivo from several laboratories have demonstrated that administration of ANP inhibits net sodium reabsorption in the IMCD (7) (8) (9) (10) (11) . Although changes in peritubular factors may play a role in these responses (12) , there is strong evidence that ANP alters net sodium transport in this segment by direct interaction with IMCD cells. Thus, several laboratories have demonstrated that ANP binds to specific cell-surface receptors for ANP (13) and that IMCD cells from multiple species respond to ANP with striking elevations in cGMP accumulation (14, 15) . Further, we have previously shown that ANP inhibits transport-dependent oxygen consumption in IMCD cells and have provided evidence that ANP acts by inhibiting an amiloride-sensitive sodium entry pathway (16) . We have further demonstrated that cGMP mediates these transport effects in IMCD cells (15) . We have therefore examined more directly the mechanisms of sodium entry in IMCD cells and have determined the pathway regulated by ANP.
Methods
Cell preparations. Fresh suspensions of rabbit IMCD cells were prepared as previously described (15, 16) . Briefly, rabbits were decapitated and exsanguinated and the kidneys were removed and perfused via the renal artery with a solution consisting ofnonbicarbonate Ringer's, pH 7.40 (NaCl, 130 mM; KCI, 5 mM; NaHPO4, 1 mM; CaCl2, 1 mM; MgSO4, 1 mM; Hepes-Tris, 10 mM) diluted 1:1 with Joklik's medium containing 10% fetal bovine serum (Joklik's). The kidneys were perfused with iced medium until the effluent was clear of blood and the inner medullae were excised and placed in the Joklik's medium. The medullae were minced and subjected to dispersion in 0.2% collagenase for 90 min at 37°C in a shaking water bath. Two or three times during this incubation the tissue was aspirated through a wide-bore pipette to disrupt cell aggregates. The resulting mixed inner medullary cell suspension was fractionated in 16% Ficoll in nonbicarbonate Ringer's by centrifugation for 45 min at 2,300 g at 4°C. Cells were used within 2 h of preparation and were kept on ice until study. The quality of cell preparations was monitored under phase-contrast microscopy on a concentration of 5 mM at 370C. Cells containing radioactivity were separated from isotope in free solution by centrifugation through oil. At the end ofthe uptake period, cells were diluted in triplicate at room temperature into 600 Ml of choline chloride solution (choline C1, 130 mM; Hepes-Tris, 10 mM; LiCl, 1 mM; and amiloride, 0.1 mM) layered over 550 Ml of dioctylphthallate silicon oil, 1.75:1, followed immediately by centrifugation at 8,000 g for 20 s. Under these conditions, IMCD cells were pelleted through the oil to the bottom of the tube while the aqueous layer remained on top; the oil layer retained little radioactivity. In control experiments, delay of centrifugation of up to 20 s after dilution ofthe cells into choline Cl solution did not alter radioactivity in the pellet. The aqueous layer was sampled for determination of specific activity of the isotope in the extracellular solution. The bottom ofthe microfuge tube was cut off and placed in a scintillation vial containing 0.5 ml 6% perchloric acid, 1 mM EDTA, and 4 mM CsCl. After vigorous mixing, the suspension was allowed to stand for 12 h at room temperature. The perchloric acid was then neutralized with NaOH and the radioactivity measured in Aquasol in a liquid scintillation counter. Protein content ofcell suspensions was measured by Bio-Rad assay using bovine serum albumin as a standard.
Because the total radioactivity in the pellet is the sum of22Na in the extracellular space, bound to the cell surface, and transported into the cell, extracellular and bound radioactivity were measured by placing isotope and choline Cl solution above the oil mixture, adding cells, and immediately centrifuging (17) . Subtraction of this zero time point radioactivity from the radioactivity obtained in each incubation revealed the portion of radioactive counts which represented uptake. This background represented 40-50% of total uptake under control conditions (see below) and was constant in multiple determinations on any given experimental day. Multiplication of the counts per minute of isotopic uptake by specific activity revealed the nanomoles of sodium entering the cells per unit time. Because 0.1 mM ouabain increased uptake by 30-40%, ouabain was used in all incubations; measurements of oxygen consumption in IMCD cells have demonstrated that this concentration of ouabain inhibits Na/K-ATPase maximally (15, 16) . When cells were exposed to peptide hormones such as ANP, angiotensin II, or vasopressin, they were preincubated in the presence ofpeptide for 2 min prior to the uptake measurement. We have previously shown that ANP stimulates cGMP accumulation and inhibits oxygen consumption maximally at 2 min after its addition (15, 16) .
Because the rate of sodium uptake was never linear at even the earliest timepoints (see, for-example, Fig. 1 dye were suspended in 3 ml of buffer at 370C in the cuvette in the flurimeter and the fluorescence ratio recorded. At the end of the experiment, the extent of dye leakage was determined by removing the suspension, pelleting the cells, and measuring the fluorescence of the supernate at both excitation wavelengths. The fluorescence of the supernate was subtracted from that of the cell suspension to give the cellular fluorescence. The ratio of cellular fluorescence at excitation wavelengths 502 and 430 nm was then calculated. Standard curves relating cellular fluorescence to intracellular pH were performed daily using 1 MM nigericin as previously described (19, 20 were purchased from Penninsula Laboratories, Belmont, CA. Aquasol was obtained from New England Nuclear, Boston, MA. Bio-Rad protein assay kits were obtained from Bio-Rad Chemical Division, Richmond, CA. All other reagents were obtained from Sigma Chemical Co., St. Louis, MO and were of analytical grade.
Statistics. In all figures, a single n represents the mean of determinations performed on a single cell preparation. Unless specified experimental results are given for the mean±SEM for at least three separate cell preparations. Protocols for which representative experiments are presented were also performed on at least three different cell preparations. Where appropriate results of different experimental groups are compared using paired t tests; Pvalues < 0.05 were deemed significant.
Results
Fig. 1 presents an initial time course of sodium uptake in IMCD cells. As is evident, the rate of sodium uptake was never linear, even at the earliest timepoints. To obtain estimates of initial rates of sodium uptake, the data from the first 5 min of the timecourse were fitted to a two-compartment model as described above (see inset). The fitted curve is linear (r value = 0.979), allowing the use ofthis method for comparing apparent initial rates of sodium uptake quantitatively between experimental groups.
To determine what mechanisms of sodium uptake might be present in freshly isolated IMCD cells, we examined sodium uptake at 5 min in the presence of inhibitors, all at 0.1 mM, of several different sodium transport processes. This relatively late timepoint was chosen because ofthe difficulty in obtaining results for sodium uptake which were sufficiently above background to be reliably analyzed when uptake was inhibited. As is evident in Fig. 2 , hydrochlorthiazide, furosemide, and bumetanide were ineffective at inhibiting sodium uptake into IMCD cells. These results are entirely consistent with our previous observations that furosemide and hydrochlorthiazide did not inhibit oxygen consumption in IMCD cells and suggest that Na/Cl cotransport and Na/K/Cl cotransport do not play a major role in Na uptake in these cells (21, 22) . Addition of bicarbonate to the medium did not stimulate sodium uptake; in the presence of bicarbonate the stilbene anion transport inhibitor, SITS was without effect. These results indicate that Na/HCO3 cotransport did not mediate a significant portion of sodium uptake in IMCD cells (23) . By contrast, amiloride inhibited sodium uptake by 50%. In several other experiments (not shown), amiloride inhibited uptake at 1 and 3 min as well. These results are in agreement with our previous findings that amiloride inhibits oxygen consumption in IMCD cells and "apical" sodium uptake in primary cultures of rabbit IMCD cells grown on filter bottorp supjgorts (16, 24 Inhibition of sodium entry into IMCD cells by amiloride suggested the presence of electrogenic sodium channels, Na/H exchange, or both processes (25) . Because of our earlier finding that IMCD oxygen consumption was inhibitable by amiloride levels in the submicromolar range (16), we explored the role of conductive sodium channels in sodium uptake by IMCD cells. The cyanine dye, Di(S)-C3-5 was used to estimate membrane potential of IMCD cells in order to determine the effects of maneuvers designed to hyperpolarize the cells and to determine the effect ofextracellular sodium on PD (18, 26) . Fig. 3 is a representative tracing depicting the effects of potassium gradients on fluorescence of the cyanine dye in the presence and absence of the potassium ionophore, valinomycin. In the upper tracing, basal fluorescence of Di(S)-C3-5 was measured in KCl Ringer's followed by the addition of IMCD cells preincubated in the same medium. The negative deflection or quench represented accumulation of this cationic lipophilic molecule within the relatively anionic cytosol (18, 26) . Addition of valinomycin (V) to these cells resulted in increased fluorescence as extracellular potassium entered, thus depolarizing the cell membrane. In the-bottom tracing, the dye signal was first obtained in NMG-Cl Ringer's. Addition of cells preincubated in KCI-Ringer's led to a striking quench, resulting from the marked hyperpolarization brought on by effilux of potassium from the cells into a nearly potassium-free solution. Addition of valinomycin to these cells led to a further negative deflection as more potassium traveled down its concentration gradient from inside to outside the cells. K media did not exhibit measurable fluorescence. In addition, the excitation spectrum ofthe dye remained the same under all experimental conditions; only proportional changes in fluorescence along the entire spectrum were observed with each experimental maneuver. Finally, osmotic shrinkage of IMCD cells with a 50% increase in extracellular osmolality (addition of 75 mM NMG-Cl, changing osmolality from 300 to 450 mosmol) did not appreciably alter dye fluorescence. Thus, the changes in dye fluorescence depicted in Fig. 3 were not generated by changes in cell volume.
Graphing the change in fluorescence against the log of the potassium concentration (Fig. 4) gave a linear plot (r value 0.994), which was remarkably consistent from day to day.
Over the range of potassium concentrations used, the calculated activity coefficient for potassium changed little; thus, the fluorescence intensity varied linearly with the logarithm ofthe potassium gradient across a membrane which was rendered highly conductive for potassium, indicating the validity of these measurements. The value of extracellular potassium at which' the fluorescence after valinomycin reached the value observed before addition of ionophore was - (27, 28) . In addition, these results are similar to a membrane potential value of -78 mV obtained in rabbit IMCD cell suspensions in standard bicarbonate Ringer's using isotopically labeled triphenylmethylphosphonium ion (29) .
Thus, as shown in Fig. 3 , dilution of KCl-loaded cells into NMG-Ringer's produces a striking hyperpolarization, especially when compared to similar cells diluted into KClRinger's. Fig. 5 demonstrates that this hyperpolarization protocol also produced striking stimulation of IMCD sodium uptake at all timepoints measured; the values of sodium uptake at equilibrium ( Figure 5 . Effect of cell hyperpolarization on 22Na uptake in IMCD Cells. Cells were preincubated in KC1 Buffer and diluted 15-fold into KCl (Control) or NMG-Cl buffer (-PD) for assay of 22Na uptake as described in Fig. 1 . Control data is from Fig. 1. -0.207±0.056, respectively with r values averaging 0.96-0.97 (P < 0.02, n = 3). As shown in Figs. 6 and 7, both amiloride and ANP inhibited sodium uptake in control and hyperpolarized cells. In hyperpolarized cells, these agents were effective at all but the equilibrium timepoints (Fig. 6) . Rate constants for uptake in hyperpolarized cells were, -0.274±0.064, -0.0735±0.015, and -0.0948±0.028 in cells treated with vehicle, amiloride, and ANP, respectively. Rate constants obtained for cells exposed to amiloride and ANP were significantly smaller than those obtained in cells exposed to vehicle (P'< 0.02 for both amiloride and ANP vs. vehicle, Bonferroni t test, n = 4 for each comparison; r values ranging between 0.95 and 0.98 for all time course measurements). In control and hyperpolarized cells amiloride and ANP did not give additive inhibition of sodium uptake (Fig. 7) , consistent with an action on a similar site. These results are in agreement with our previous finding that amiloride and ANP do not give additive inhibition of oxygen consumption in these cells (16) Fig. 3 (preincubation in KCl buffer followed by dilution into NMG-Cl buffer). At the Add Na point, 5 mM extracellular NaCl was added in the presence (5 mM Na + Amil) or absence of amiloride, and the fluorescence of the cyanine dye monitored. Total time of measurement was 4 min. This tracing is representative of similar experiments performed in duplicate on three IMCD cell preparations. Fig. 9 shows the effect of varying concentrations of ANP and amiloride on potential-stimulated sodium uptake in IMCD cells. Half-maximal inhibition of sodium entry with amiloride was observed at -3 X 1O-' M, in close agreement with the effect of amiloride level on inhibition of oxygen consumption in these cells (16) . As shown in Fig. 9 , the inhibition of sodium uptake by amiloride continues to increase between l0-s and l0-4 M; it is possible that this increment is due to inhibition of Na/H exchange by amiloride in the hyperpolarized cells as discussed above. However, these results provide further evidence for a conductive sodium entry pathway in these cells, as the sensitivity of IMCD potential-driven sodium entry to amiloride -matches closely the sensitivity of sodium channels in other epithelia to this agent (25) . Half-maximal inhibition of potential-stimulated sodium entry occurred also at 10-10 M ANP, in good agreement with previous binding, cGMP accumulation, and oxygen consumption data in these cells (13, 15, 16) . (21, 22) . In the rat IMCD in vivo, hydrochlorthiazide and furosemide appear to inhibit net sodium reabsorption (5, 6). In the rat IMCD perfused in vitro, preliminary data indicate that basolateral furosemide inhibits bath-to-lumen sodium flux, suggesting that a basolateral Na/K/Cl cotransporter mediates net sodium secretion in this segment, as it does in the shark rectal gland (35). In addition, furosemide inhibited oxygen consumption in rat IMCD cells in suspension, consistent with a Na/K/Cl cotransport pathway in this preparation (36) . We have been unable to demonstrate sensitivity of rabbit IMCD cells to any loop diuretic, either with sodium uptake (present study) or oxygen consumption (16) ; it is likely that this apparent discrepancy relates to species differences.
The present results demonstrate the presence of a conductive sodium entry pathway in IMCD cells. Amiloride inhibits transport-dependent oxygen consumption. in these cells, at concentrations suggestive ofan epithelial sodium channel (16) . In the present paper, we have. measured sodium uptake directly. Sodium uptake was markedly stimulated by hyperpolarization of the cells. The stimulated uptake was completely inhibited by amilonide and amiloride was effective at concentrations of the drug which inhibit sodium channels in other epithelia (25) . The (38) . Finally, suspensions of rabbit IMCD cells were hyperpolarized in the presence of amiloride, suggesting that this. agent acts in these cells to reduce the entry of positive charge (29) . Thus, IMCD cells from both rat and rabbit exhibit amiloride-sensitive rheogenic sodium entry, indicating the presence of sodium channels.
The present conclusions depend, to some degree on the reliability of the cyanine fluorescence as an index of membrane potential. Although this method has been used extensively to monitor membrane potential in cell suspensions, concerns. have been raised as to the effect of the dye on cell viability and the reliability of the method to measure PD (39).
The concentration of dye used in these studies, 0.4 sM, is similar to that used with success by many other groups (18 An additional concern relates to the effect ofchanges in cell volume on sodium uptake. As noted above, dilution of IMCD cells into NMG-Cl medium would be expected to reduce cell volume because the intracellular ions, sodium and potassium are more permeant than extracellular NMG. The reduction in cell volume, by reducing intracellular water, would be expected to inhibit, and not stimulate sodium uptake. While it is possible that cell shrinkage would trigger volume regulatory mechanisms, the stimulation of sodium uptake in these measurements was blocked with amiloride, implicating activation of sodium channels or Na/H exchange. Two lines of evidence indicate that Na channels, and not Na/H exchange were activated. First, the uptake was sensitive to low concentrations of amiloride, and second, the NMG protocol resulted in minimal stimulation of Na/H exchange as measured by proton transport.
There is now strong evidence that ANP causes natriuresis in part by interfering with normal sodium and volume reabsorption in the IMCD. Thus studies in vivo using microcatheterization and micropuncture techniques have demonstrated that ANP inhibits net sodium reabsorption in the IMCD (7-1 1). IMCD cells have specific ANP receptors of high affinity and respond to ANP with striking increases in cGMP accumulation (13) (14) (15) . ANP inhibits transport-dependent oxygen consumption in rabbit IMCD cells (16) . The response exhibited cell-type specificity, in that cells derived from rabbit outer medullary collecting duct and medullary thick ascending limb did not respond. Inhibition of oxygen consumption occurred at concentrations of ANP in the physiologic range and exhibited selectivity for peptide structure (16) . The results of the present study confirm and extent these earlier findings, demonstrating that ANP at physiologic concentrations inhibits entry of sodium into IMCD cells via a rheogenic sodium channel. The recent demonstration of a similar inhibition of sodium uptake by the renal epithelial cell line, LLCPKI, suggests that these cells mimic, in some ways, the medullary collecting duct (40, 41) .
Recent studies of IMCD segments perfused in vitro confirm direct effects of ANP on IMCD transport. In rat IMCD, ANP reversed the direction of net sodium transport from net reabsorption to net secretion by inhibiting lumen to bath sodium flux and stimulating bath to lumen sodium flux. The inhibitory effect of ANP on lumen to bath sodium flux was particularly striking after this flux had been augmented by pretreatment with vasopressin (35). In addition, ANP inhibited vasopressin-stimulated osmotic water permeability in the IMCD (34) .
In the setting of these results, the present demonstration that ANP inhibits conductive sodium entry in IMCD cells suggests a mechanism by which luminal sodium entry may be inhibited by this peptide in the IMCD in vivo. Inhibition of a luminal sodium channel explains, in part the natriuresis stimulated by ANP.
